INTRODUCTION
============

*Salmonella* are Gram-negative intracellular bacteria that cause diseases ranging from gastroenteritis to typhoid fever ([@B15]). The well-studied *Salmonella* serovar *Typhimurium* uses type III secretion systems (TTSS), which are essential for pathogenesis and tissue colonization, to translocate SPI (*Salmonella* pathogenicity island)-1 and -2 effector proteins into the host cytosol. Although there appears to be some overlapping functions, SPI-1 effectors are mainly required during early steps of invading nonphagocytic cells, and SPI-2 effectors are translocated once bacteria have been internalized. SPI-2 effectors are important for the development of a modified phagosome called the *Salmonella*-containing vacuole (SCV) that is required for bacterial survival and replication ([@B15]; [@B52]). In epithelial cells and macrophages, morphological alterations termed *Salmonella*-induced filaments (Sifs) are observed as microtubule-dependent growth extensions of the SCV ([@B39]).

SCV biogenesis is a dynamic process that results in the progressive accumulation of host endosomal and lysosomal markers. Inside cells, SPI-2 effectors are targeted to the SCV, the Golgi, and the actin cytoskeleton, ultimately promoting alterations of the SCV ([@B41]; [@B15]; [@B52]). Microtubule and actin cytoskeletal filaments that are rearranged near the SCV and Sifs require specific SPI-2 effectors ([@B30]; [@B8]; [@B31]; [@B23]; [@B38]). Some SPI-2 effectors manipulate microtubules to modulate the recruitment of motors to the SCV ([@B14]; [@B5]), to redirect vesicle trafficking ([@B24]) or to position the SCV in the vicinity of the Golgi ([@B1]; [@B42]). However, biochemical activities and functions for many SPI-2 effectors are undefined and the molecular mechanism for how remodeling the cytoskeleton contributes to bacterial replication within the SCV is unknown.

Among the SPI-2 effectors, SifA plays an essential role in bacterial replication, virulence in inbred susceptible mice, the regulation of SCV formation, and phagosome tubulation (i.e., Sifs; [@B53]; [@B3]). SifA translocated from bacteria localizes to the SCV and Sifs ([@B8]), whereas green fluorescent protein (GFP)-SifA transfected into epithelial cells show a mixed distribution in the cytoplasm, plasma membrane, and endosomal/lysosomal compartments ([@B4]; [@B36]). The C-terminal tail of SifA is prenylated and acylated at the CaaX sequence and is important for its function and membrane association ([@B4]; [@B43]). Structural studies indicate that SifA has two domains ([@B36]). The N-terminal domain binds mammalian SKIP, which binds kinesin and links microtubules to the SCV, contributing to phagosome tubulation ([@B5]). SifA also competes with the late endosomal GTPase Rab9 for binding to SKIP and alters lysosomal protein trafficking ([@B19]). The C-terminal domain of SifA is similar to the *Salmonella* SPI-1 effector SopE, which functions as a GTPase-exchange factor (GEF) for Cdc42, Rac1, and RhoG ([@B36]). SifA can bind the GDP-bound form of RhoA, although no direct GEF activity has been demonstrated. Within the region of SifA structure that is analogous to the catalytic domain of SopE, is the WxxxE motif that is conserved among the family of bacterial effectors that targets small GTPases ([@B2]; [@B17]; [@B9]). Interestingly, Sif-like structures are generated when the SPI-2 effector SseJ is ectopically coexpressed in HeLa cells with either SifA or activated RhoA, B, or C, suggesting that SifA might function as a GEF to activate Rho proteins ([@B36]). SseJ is a lipase that is activated by RhoA in vitro and can esterify cholesterol in mammalian cell membranes, possibly contributing to membrane tubulation ([@B10]).

As a complementary approach to the challenging task of correlating biochemical activities of individual SPI-2 effectors with the cellular phenotypes seen in mammalian cells, we characterized SifA activity in the model organism *Saccharomyces cerevisiae*. Budding yeast has proven very useful for studying the interactions of bacterial effectors with host targets and gaining insight into their enzymatic functions ([@B57]; [@B49]; [@B11]). The pathways of protein trafficking, cytoskeletal organization, and signal transduction are well studied in yeast, and bacteria recognize analogous components in many steps of these conserved cellular processes. For example, bacterial effectors that alter the actin cytoskeleton have been shown to target yeast Rho1p or other components of the Rho family pathways when they are expressed in yeast ([@B61]; [@B2]). We report here that SifA is recruited to the membrane domain of yeast peroxisomes and most likely promotes peroxisome-specific Rho1p activities which include regulating actin organization. Thus, SifA may be used as a tool to study the biology of yeast peroxisomes, and in return, the yeast peroxisome provides a model for studying the biochemical and functional properties of SifA interactions with Rho GTPases at the membrane.

MATERIALS AND METHODS
=====================

Yeast Strains and Plasmids
--------------------------

All *S. cerevisiae* strains used in this study were derivatives of either BY4743 (*MAT***a**/α), BY4742 (*MAT*α) or BY4741 (*MAT***a**) and the corresponding deletion strain library ([@B63]), unless otherwise indicated. Strain DVY119 (*MAT***a** *ABP1-CFP::KanMX6 ~GAL10pr~GFP-SifA::LEU2 can1 his31 leu2 ura3 lys2*) was created by integrating *CFP* (cyan fluorescent protein) at the C-terminus of *ABP1* in MOY14 (gift of M. Ohl, Miller laboratory) according to [@B62]. Strain MOY14 contains an integrated copy of *~GAL10pr~GFP-SifA* in the W303 background and was generated as described in [@B25]. Strains containing Snf7-monomeric red fluorescent protein (mRFP) and Chc1-mRFP are gifts of E. O\'Shea (Harvard). The *PEX11-pA* haploid strain (YOL14MC) contains a genomically encoded Pex11p tagged at the C-terminus with *Staphylococcus aureus* protein-A and was created in the BY4743 background ([@B50]). Strain *rho1-4D* contains the Ts^−^ allele *rho1-104* that was backcrossed into the BY4742 background ([@B28]). The following plasmids were used in this study: pFus~GAL10pr~GFP-SifA (pMO32, gift of M. Ohl) with *GFP-SifA* expression induced by galactose, contains *SifA* open reading frame (ORF) that was PCR-amplified from *S. typhimurium* chromosomal DNA and cloned in frame with the C-terminus of *GFP* in pFUS~GAL10pr~GFP ([@B25]); p426~TEFpr~GFP-SifA (pDV116) with *GFP-SifA* constitutively expressed, generated by PCR amplifying the *GFP-SifA* fragment from pMO32 and introducing it into p426~TEFpr~ ([@B33]) via homologous recombination; p*VPS1* (pCKR19; ([@B58]); pDsRed-PTS1 contains the *Discosoma* sp. RFP gene *FP583* fused to the peroximal signal sequence PTS1 (Ser-Lys-Leu) at the C-terminus and flanked at both ends with *FAA2* regulatory sequences ([@B50]).

Yeast Media
-----------

Synthetic minimal media (SM) contained the following: 0.17% yeast nitrogen base (YNB) without amino acids, 0.5% NH~4~SO~4~; Saccharomyces Cerevisiae induction medium (SCIM), 0.7% YNB plus NH~4~SO~4~, 0.5% yeast extract, 0.5% peptone, and 1/10 amount of amino acids.

Microscopy
----------

Strains containing plasmids were routinely maintained in SM supplemented with the proper amino acids and carbon source. For expressing pFUS-based genes in trafficking mutants, an overnight culture grown in the same noninducing media was first diluted into fresh SM plus 2% raffinose and grown at 25°C until early log at OD~600~ ∼0.2. Then, cultures were induced by adding 2% galactose and grown for another 2--3 h until midlog OD~600~ = 0.5--0.6. Because the distribution of GFP-SifA on peroxisomes was found to be more robust in media containing raffinose than in glucose, cells were routinely cultured overnight in media containing 2% raffinose before oleic acid induction. We routinely use single colonies from fresh transformation of pDV116 to avoid possible revertants resulting from constitutive expression of GFP-SifA. All oleic acid induction studies were performed at 30°C, unless otherwise indicated. To induce peroxisomes, an overnight culture was first diluted into fresh SM plus raffinose and grown until midlog (2 × 10^7^ cells/ml). Cells were then pelleted and resuspended into fresh SM or SCIM containing 0.1% raffinose, 0.15% oleic acid, and 0.2% Tween-40 and incubated at 30°C for 16--18 h (final OD~600~ = 0.5--0.7). For optimal viability, *rho1^TS^* cells were induced at 24°C for 20--22 h in SCIM plus 0.1% raffinose, 0.15% oleic acid, and 0.2% Tween-40. At the appropriate time points, cells were collected and visualized either live by direct fluorescence microscopy, or fixed first in 2% paraformaldehyde (Ted Pella, Irvine, CA) at room temperature (RT) for 10 min, followed by several washes in a 1.2 M sorbitol and 0.1 M potassium phosphate buffer (pH 7.5). To visualize actin, fixed cells were washed in PBS plus 1 mg/ml BSA, and stained with 3.3 μM of AlexaFluor 660-phalloidin (Invitrogen) for 30 min at RT. For either live or fixed-cell imaging, a small cell suspension was dropped onto a glass slide, and a coverslip was gently applied on top. All image acquisition were kept to under 30 min to prevent sample dehydration. Imaging was performed at RT on a Nikon Eclipse TE2000E inverted microscope (Melville, NY) with a Planapochromat 100×/1.4 NA oil objective. Microscope functions were controlled by the Metamorph software (Molecular Device, Sunnyvale, CA). For each sample, five *z*-axis planes spaced by 0.8 μm were acquired. For each plane, separate images at the GFP, rhodamine, or Cy5 channel were taken with the appropriate exposure times. The planes from each channel were then merged into a single plane containing the maximal signal intensity (*Stack Arith Max,* Metamorph) and processed using a two-dimensional deconvolution algorithm (*Nearest Neighbor 2D Decon,* Metamorph).

EM analyses were performed on cells induced for 18 h in SCIM plus 0.1% raffinose, 0.15% oleic acid, and 0.2% Tween-40 at 30°C. Sample preparations, observations, and analyses are as previously described in [@B60].

Subcellular Fractionation and Extraction of Peroxisomes
-------------------------------------------------------

Peroxisome isolation was based on [@B28] with modifications. Briefly, overnight culture of yeast cells harboring *PEX11-PA* and p426~TEFpr~GFP-SifA (pDV116) were induced in SCIM + 0.1% raffinose, 0.15% oleic acid, and 0.2% Tween-40 for 17 h at 30°C. Cells were harvested, spheroplasts were generated, and homogenized to produce a whole cell lysate in MES buffer (5 mM MES, pH 5.5; 1 mM EDTA, 1 mM KCl) plus 0.6 M sorbitol. The whole cell lysate was subjected to a 20,000 × *g* spin to yield a supernatant (20KgS) and a pellet (20KgP). The 20KgP material containing most of GFP-SifA, was resuspended in MES/sorbitol buffer and ∼0.3 mg from this suspension was applied to an 11-ml step gradient consisting of 17, 25, 35, and 50% Nycodenz (Axis-Shield, Norton, MA) in MES buffer. Organelles were separated by isopycnic centrifugation at 107,000 × *g* for 4.5 h at 4°C in a SW41 rotor. Fractions of 1 ml were collected from the top of the gradient, TCA-precipitated, and analyzed by SDS-PAGE and Western blotting. Anti-GFP was a gift from A. Merz (U. of Washington), and anti-PA (PAP) was purchased from Sigma (St. Louis, MO).

To extract peroxisomes, a portion of fraction 9, 10, or 11 enriched for peroxisomes from the Nycodenz gradient ([Figure 2](#F2){ref-type="fig"}B) was first diluted in MES/sorbitol buffer, and the organelles were pelleted at 20,000 × *g* for 1 h in an SW40 rotor. The supernatant was removed, and the pellet was incubated on ice for 1 h in Ti8 buffer (10 mM Tris, pH 8; 1 mM EDTA) containing protease inhibitors. After a 200,000 × *g* spin for 1 h in a TLA100 rotor (Beckman, Fullerton, CA), the supernatant (Ti8S) was separated from the pellet (Ti8P). The Ti8P pellet was further extracted by suspending in 0.1 M Na~2~CO~3~, pH 11.2, and incubated for 1 h on ice, followed by centrifugation at 200,000 × *g* for 1 h to yield a supernatant (CO~3~S) and pellet (CO~3~P). Samples were TCA-precipitated, and equivalent portions were subjected to SDS-PAGE and Western blot.

Mammalian Cells Transfection and Immunofluorescence
---------------------------------------------------

### Reagents.

Plasmid enhanced green fluorescent protein (pEGFP)-SifA (gift from S. Meresse Université de la Méditerranée, Marseille, France) contains the *SifA* ORF fused to the C-terminus of EGFP ([@B4]). UH1 LAMP1 mAb (1:20 dilution) was from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City); rabbit anti-PMP70 (1:1000) was from Invitrogen.

### Immunofluorescence.

Chinese hamster ovary (CHO)-K1 fibroblasts (ATCC, Manassas, VA) were grown in F12 medium (Invitrogen) supplemented with 10% FBS, penicillin/streptomycin, at 37°C in 5% CO~2~. Cells were transfected with Fugene6 (Roche Molecular Biochemicals, Indianapolis, IN) according to the manufacturer\'s instructions in eight-well chamber slides (Nalge Nunc International, Rochester, NY). Cells were fixed in 3% paraformaldehyde for 15 min at 37°C and then permeabilized and blocked in 0.2% saponin and 5% normal goat serum in PBS for 30 min at RT. Primary antibodies diluted in blocking solution were added to cells and incubated for 2 h at RT or overnight 4°C. After three PBS washes, cells were incubated with appropriate Alexa Fluor--conjugated secondary antibodies (Invitrogen) for 30 min. Cells were again washed and mounted on coverslips with Fluoromount (Southern Biotechnology Associates, Birmingham, AL). Cells were observed under light fluorescence microscope with a Planapochromat 60×/1.4 NA oil objective lens.

RESULTS
=======

SifA Distribution Is Not Associated with Yeast Endosomal Compartments
---------------------------------------------------------------------

The intracellular distribution of SifA upon expression in yeast was first analyzed to determine whether it would be localized to endosomal compartments similar to its localization in mammalian cells ([@B8]; [@B4]). A fusion protein construct containing SifA linked to GFP at the N-terminus was created similarly to the GFP-SifA construct previously characterized in mammalian cells ([@B4]). The expression of *GFP-SifA* was tested under either constitutive expression or under the control of an inducible promoter, but similar growth rates were observed in all media for either mode of expression. GFP-SifA localized to distinct punctate structures throughout the cell in a wild-type strain, in addition to the diffuse cytoplasmic and nuclear background distribution that is also observed in cells expressing only GFP ([Figure 1](#F1){ref-type="fig"}A). The punctate staining of GFP-SifA is reminiscent of that found for yeast endosomal structures or the Golgi. Therefore, we sought to determine the identity of the GFP-SifA structures by looking for their codistribution relative to other yeast endocytic and Golgi markers: Abp1-CFP (early endocytic vesicle; [@B20]), Snf7-RFP (late endosome; [@B18]), Chc1-RFP (late endosome/Golgi; [@B21]; [@B34]), and the vital dye FM4-64, which stains endocytic intermediates and the vacuole (yeast lysosome; [@B59]). Overexpression of GFP-SifA did not appear to affect the general distribution of Abp1-CFP, Snf7-RFP, or Chc1-RFP, or the uptake and trafficking of FM4-64 to the vacuolar membrane, suggesting normal endocytosis and protein sorting in these cells (data not shown). Although there was no evidence of colocalization in most cases, GFP-SifA dots transiently overlapped with Abp1-CFP (15% cells) and Snf7-RFP (10% cells) dots. However, GFP-SifA structures appeared to be substantially more static compared with Abp1-RFP or Snf7-RFP structures, which were highly dynamic and had a high turnover rate as they trafficked through the endocytic pathway ([@B21]).

![Distribution of GFP-SifA in endocytic trafficking yeast mutants. (A) The distribution of GFP-SifA in fixed wild-type or endocytic trafficking deletion mutants was observed by direct fluorescence microscopy. Cells containing plasmids that expressed either the GFP-SifA fusion (pDV116) or GFP control were grown in media containing raffinose at 25°C. In all cases, except for *vps1*Δ cells, GFP-SifA localizes to distinct punctate structures (indicated by arrows). The diffuse cytoplasmic and nuclear fluorescence background was also observed in cells expressing only GFP. In *vps1*Δ mutants that lack the dynamin gene, GFP-SifA localizes to thin filamentous structures (arrowheads) anchored at the neck of large budded (G2) cells. Bar, 4 μm. (B) Introducing a plasmid expressing the wild-type dynamin *VPS1* into *vps1*Δ cells was sufficient to redistribute GFP-SifA to punctate structures. Note that *vps1*Δ cells at other budding stages that harbor the control plasmid (*vec*) contain fewer (0--1 dot) and larger GFP-SifA punctate structures than those with the p*VPS1* plasmid. Expression of *GFP-SifA* (pMO32) in *vps1*Δ cells was induced in galactose for 3 h, and fluorescent images were captured live. Bar, 4 μm.](zmk0201096100001){#F1}

The low frequency of association observed between GFP-SifA and yeast endocytic markers could be due either to the dynamic nature of certain endocytic compartments or that GFP-SifA might only traffic through part of the endocytic pathway. Further analyses in mutants blocked at specific endocytic trafficking steps might reveal organelle intermediates that accumulate GFP-SifA as they traffick through this step in the pathway ([@B7]). We studied the distribution of GFP-SifA in deletion mutants of genes regulating endosomal/vacuolar trafficking: early endocytosis (*abp1, sla1, sla2, ark1, prk1*; [@B20]); to and from late endosomes (*vps21*: Rab5 homologue; *vps27, vps34*); and to and from the vacuole (*ypt7*: Rab7 homologue, *vps1, vps41*; [@B7]; [@B35]). The presence of overexpressed GFP-SifA did not affect the normal growth of any of these deletion mutants. As shown in [Figure 1](#F1){ref-type="fig"}A, except for *vps1*Δ cells, the punctate distribution of GFP-SifA structures is unaffected in all trafficking mutants tested. In *vps1*Δ cells, there appears to be substantially fewer and larger GFP-SifA structures, and a single tubular GFP-SifA structure was found to be anchored at the dividing neck of most large budded/G2 cells ([Figure 1](#F1){ref-type="fig"}, A and B). To eliminate the possibility that the novel phenotype was caused by nonspecific mutations outside the *vps1* deletion, a plasmid containing a single copy of wild-type *VPS1* was introduced together with plasmid GFP-SifA into *vps1*Δ cells. As shown in [Figure 1](#F1){ref-type="fig"}B, plasmid-expressed Vps1p reverts the phenotype of GFP-SifA structures from tubules to patches in *vps1*Δ cells, suggesting that GFP-SifA resides in an organelle whose distribution is specifically affected by Vps1p function.

SifA Localizes to Yeast But Not Mammalian Peroxisome Membranes
--------------------------------------------------------------

Vps1p is a member of the dynamin-like protein family that facilitates the scission of vesicles after budding ([@B40]). Although the role of dynamin in yeast endocytosis remains unclear, Vps1p participates in diverse pathways including vacuolar protein trafficking ([@B58]), actin organization ([@B65]) and peroxisome fission ([@B16]). The striking GFP-SifA filament observed in *vps1*Δ cells is reminiscent of the elongated tubular peroxisomes previously seen in the same mutant ([@B16]). To test whether GFP-SifA might be recruited to peroxisomes in wild-type cells, we cotransformed pGFP-SifA and pDsRed-PTS1, which contains the reporter protein RFP fused to the peroxisomal targeting sequence PTS1 at the C-terminus ([@B50]). As shown in [Figure 2](#F2){ref-type="fig"}A, GFP-SifA punctate structures tightly colocalize with DsRed-PTS1--marked peroxisomes, suggesting that they reside in the same cellular compartment.

![SifA distributes to the peripheral membrane of peroxisomes in yeast. (A) GFP-SifA (pDV116) colocalizes with the peroxisomal reporter DsRed-PTS1 in wild-type yeast cells as indicated by yellow in the merged image. Cells containing two plasmids expressing the indicated fusion reporters were grown in media containing raffinose and then fixed and analyzed by direct fluorescence microscopy. Bar, 4 μm. (B) GFP-SifA cofractionates with the peroxisomal marker Pex11-PA by isopycnic centrifugation. Cells containing a chromosomal copy of *Pex11-PA* were transformed with pDV116 and induced in oleic acid for 17 h before biochemical fractionation. GFP-SifA--enriched material derived from the 20KgP crude organellar fraction (in C) was applied to a Nycodenz gradient and separated by centrifugation. Gradient fractions were collected from the top (fraction 1), and equal portions of each fraction were analyzed by Western blotting using anti-GFP and anti-pA antibodies. (C) Materials from fraction 10 were further extracted in a low-salt buffer to separate matrix (Ti8S) from membrane (Ti8P) peroxisomal proteins. The Ti8P fraction was again extracted with Na~2~CO~3~ to distinguish between peripheral membrane (CO~3~S) and integral membrane (CO~3~P) proteins. Equivalent portions of each fraction were analyzed by Western blot. Note that GFP-SifA and Pex11-PA behave mainly as peripheral membrane proteins.](zmk0201096100002){#F2}

Subcellular fractionation was also used to confirm that GFP-SifA was stably associated with peroxisomes. GFP-SifA was expressed in a strain containing a chromosomal copy of the peroxisomal protein Pex11 fused to protein A, and cells were incubated with oleic acid to induce peroxisome proliferation. Whole cell lysate was centrifuged and separated into a cytosol-enriched supernatant (20KgS) and crude organellar pellet (20KgP). As shown in [Figure 2](#F2){ref-type="fig"}C, most of GFP-SifA sedimented in the 20KgP fraction. This GFP-SifA enriched material was subjected to isopycnic gradient centrifugation, and nearly all GFP-SifA was observed to comigrate with fractions containing Pex11-PA ([Figure 2](#F2){ref-type="fig"}B). We further extracted the peroxisome-enriched fractions from the gradient (no. 9 and 10, [Figure 2](#F2){ref-type="fig"}B) to determine the subcellular distribution of GFP-SifA. After subjecting these fractions to hypotonic lysis, GFP-SifA was found predominantly in the membrane pellet (Ti8P) similar to the behavior of the membrane protein Pex11-PA ([Figure 2](#F2){ref-type="fig"}C). The Ti8P fraction was further extracted with sodium carbonate to separate peripheral from integral membrane proteins of peroxisomes. Under this condition, virtually all GFP-SifA cofractionated with Pex11-PA in the supernatant (CO~3~S) enriched for peripheral membrane proteins ([Figure 2](#F2){ref-type="fig"}C). Taken together, these data indicate that GFP-SifA behaves mainly as a peripheral membrane protein on yeast peroxisomes in a similar manner to its behavior on mammalian cell membranes ([@B4]).

Localization of GFP-SifA to yeast peroxisomes was a surprising result given its localization in mammalian cells and raised the possibility that SifA might transiently associate with peroxisomes in mammalian cells before trafficking to the SCV. Therefore, SifA was analyzed for colocalization with the peroxisomal marker PMP70 in mammalian cells. On transfection of pEGFP-SifA ([@B4]) into epithelial CHO cells, the majority of EGFP-SifA localized to the plasma membrane and LAMP-1 positive compartment as has been reported in other cell types ([Figure 3](#F3){ref-type="fig"}A). Interestingly, a small fraction of transfected CHO cells (\<10%) showed EGFP-SifA colocalizing with PMP70 ([Figure 3](#F3){ref-type="fig"}B). Colocalization was observed as early as on day 1 and again on day 5 after transfection. However, we were unable to increase this fraction of cells through induction of peroxisome proliferation with the drug 4-phenylbutyrate ([@B26]). This pattern of colocalization was neither observed in transfection nor bacterial translocation studies of RAW mouse macrophages, HeLa human epithelial cells or primary human fibroblasts. We also found that *Salmonella* replication and phagosome tubulation appeared normal in primary human fibroblasts from Zellweger patients that completely lack peroxisomes (data not shown). Therefore, the localization of SifA to peroxisomes was unique to yeast and SifA does not usually associate specifically with mammalian peroxisomes.

![Distribution of GFP-SifA transfected in mammalian CHO cells. CHO cells were transfected with pEGFP-SifA for 24--48 h., followed by fixation, permeabilization, and immunostaining for the endosome/lysosome marker LAMP-1 and peroxisomal marker PMP70. An overlay of the corresponding images on each row is shown, with yellow color and arrowheads marking areas of overlap with GFP-SifA. Although the majority of cells show the typical codistribution of GFP-SifA and LAMP-1 in A, a small number of cells was found to have GFP-SifA distributed to PMP70 dots (B). Bar, 10 μm.](zmk0201096100003){#F3}

SifA Changes Yeast Peroxisome Abundance and Morphology
------------------------------------------------------

To further understand how GFP-SifA affects peroxisome activities, we characterized the abundance and morphology of peroxisomes labeled with DsRed-PTS1 when yeast cells were incubated in medium with or without the fatty acid oleic, a condition that requires peroxisome replication in order to maintain growth. As expected, the proliferation of peroxisomes was induced ∼40% in cells containing a control vector grown in medium with oleic acid compared with raffinose ([Figures 4](#F4){ref-type="fig"}, A and B, and [Table 1](#T1){ref-type="table"}). In the absence of GFP-SifA, peroxisomes appeared punctate and distinct from one another in medium with raffinose or oleic acid. The introduction of GFP-SifA has no apparent effect on the growth rate of cells in raffinose and GFP-SifA colocalized tightly with peroxisomes. However, in oleic acid, GFP-SifA containing cells have fewer distinct peroxisomes than in vector containing cells (1.8 times less, *p* = 1.6 × 10^−13^; [Table 1](#T1){ref-type="table"}), and many of these peroxisomes were larger and occurred in clusters ([Figure 4](#F4){ref-type="fig"}C). On closer examination, GFP-SifA appeared to localize to one side of the peroxisome clusters in many cells, and occasionally, was found between two adjacent clusters.

![GFP-SifA alters the morphology of peroxisomes. Distribution of peroxisomes (DsRed-PTS1 labeled) in fixed wild-type cells grown in media containing raffinose (A), or oleic acid (B and C). Cells were cotransformed with pDsRed-PTS1 and empty vector (A and B) or pGFP-SifA (C). Overlay indicates merged images of fluorescence and DIC; and yellow indicates the overlap of red and green signals. In C, boxed images to the left of each panel are 2.5× enlargements of smaller areas in each panel indicated by arrowheads or small white squares. Note that peroxisomes associated with SifA are less abundant, tend to clump, and are not always round in shape. The localization of SifA is to one side of peroxisomes and in many cases, appears to bridge nearby clusters of peroxisomes (middle enlarged box). All bars, 2 μm. (D) Cells containing either vector or pGFP-SifA were incubated in oleic acid for 18 h and then fixed and processed for EM. Boxed images at the lower right in each panel show 2× enlargement of specific areas containing peroxisomes that are depicted with letters. P, free and dispersed peroxisomes; P\*, clusters of peroxisomes with adherent membranes; P\#, enlarged peroxisomes with exaggerated membrane invaginations; N, nucleus; L, lipid body; M, mitochondria; V, vacuole. Bar, 1 μm.](zmk0201096100004){#F4}

###### 

Fluoresence microscopic analyses of peroxisomes in wild-type and mutant cells

  Strain background    Average no. of discrete dots/cell[^a^](#TF1-1){ref-type="table-fn"}   
  -------------------- --------------------------------------------------------------------- ---------------------------------------------
  Without oleic acid                                                                         
      WT               5.4 ± 2.5                                                             5.5 ± 1.9
  With oleic acid                                                                            
      WT               7.2 ± 4.6                                                             3.9 ± 3.7[^b^](#TF1-2){ref-type="table-fn"}
      *pex7*Δ          2.6 ± 2.6                                                             1.2 ± 1.8
      *pex11*Δ         3.2 ± 2.9                                                             1.5 ± 1.6
      *pex25*Δ         3.8 ± 3.6                                                             4.0 ± 4.2[^b^](#TF1-2){ref-type="table-fn"}
      *rho1-4D*        3.5 ± 4.5                                                             2.6 ± 2.2[^b^](#TF1-2){ref-type="table-fn"}

Cells transformed with plasmids pDsRed-PTS1 and pGFP-SifA^WT^ (pDV116) or empty vector (p426~TEFpr~) were grown in medium with or without oleic acid, then fixed and visualized by direct fluorescence microscopy. In experiments with pGFP-SifA, PTS1-labelled peroxisomes were scored in cells expressing GFP-SifA structures. In all cases, \>95% cells have overlapping DsRed-PTS1 and GFP-SifA structures. Results were scored in an average of 100 cells per strain, and each experiment was repeated at least once. WT, wild-type strain.

^a^ Average numbers of dots ± SD, are either dispersed or attached, but distinctly small round peroxisomes labelled with DsRed-PTS1.

^b^ Statistically significant difference (p \< 0.005) was observed for the average numbers of dots between vector and pGFP-SifA populations in all cases, except in *pex25*Δ (p = 0.56) and *rho1* (p = 0.18) background.

Detailed EM analyses ([Figure 4](#F4){ref-type="fig"}D and [Table 2](#T2){ref-type="table"}) showed that the peroxisome structures could be subdivided into two classes of morphology: 1) clusters of two or more peroxisomes with adherent, and in some cases, thickening membranes (P\*) and 2) enlarged peroxisomes with exaggerated and invaginated membranes (P\#). Consistent with the fluorescence data, fewer GFP-SifA containing cells were found to exhibit free and dispersed peroxisomes (category P in [Figure 4](#F4){ref-type="fig"}D), and the average peroxisome count per cell area assayed was also substantially reduced in these cells ([Table 2](#T2){ref-type="table"}). In examining the EM data, although the frequency of cells showing adherent membranes (category 1 above) does not appear to be very different between vector and GFP-SifA populations, the percentage of cells exhibiting peroxisomes with invaginated membrane increased strikingly from 6.3 for control, to 63 for GFP-SifA plasmid ([Table 2](#T2){ref-type="table"}). Therefore, at least half of the peroxisome clusters observed by fluorescence microscopy in GFP-SifA--expressing cells contained enlarged peroxisomes with invaginated membranes.

###### 

EM analyses of peroxisomes in wild-type cells

  Plasmid         Free and distinct (%)[^a^](#TF2-1){ref-type="table-fn"}   Peroxisome count[^b^](#TF2-2){ref-type="table-fn"}   Clusters of ≥ two peroxisomes with adherent membranes[^c^](#TF2-3){ref-type="table-fn"} (%)   Invaginations and exaggerated membranes[^c^](#TF2-3){ref-type="table-fn"} (%)
  --------------- --------------------------------------------------------- ---------------------------------------------------- --------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------
  Vector          64.6                                                      0.30                                                 66.7                                                                                          6.3
  pGFP-SifA^WT^   38.2                                                      0.07                                                 63.2                                                                                          62.5

Wild-type cells selected for either pGFP-SifA^WT^ or vector were grown in oleic acid for 18 h before fixing and processing for EM.

^a^ Percent of total cells analyzed (162 for vector, and 160 for SifA); values add up to more than 100% because cells may exhibit more than one phenotype.

^b^ Number of free and distinct peroxisomes counted (437 for vector; 105 for pGFP-SifA) per μm^2^ of total cell area assayed (1454.1 μm^2^ for vector; 1496.7 μm^2^ for GFP-SifA).

^c^ See [Figure 4](#F4){ref-type="fig"}D for depiction of phenotypes. These peroxisomes are not included in the calculation of peroxisome count.

SifA Activities in Yeast Mutants Defective for Peroxisome Biogenesis
--------------------------------------------------------------------

We sought further insight into how GFP-SifA might interact with peroxisomal proteins to affect the morphology of peroxisomes. Mutants deleted for gene products (the peroxins) that affect peroxisome assembly (*pex3*Δ, *pex19*Δ), size and number (*pex11*Δ, *pex25*Δ, *vps1*Δ), or matrix protein import and maturation (*pex5*Δ, *pex7*Δ; [@B13]; [@B37]; [@B51]), were transformed with pGFP-SifA and pDsRed-PTS1 and grown in oleic acid, and then cells were analyzed by fluorescence microscopy. Because Pex25p acts as a peroxisomal receptor for Rho1p, we also tested GFP-SifA effects on peroxisome distribution in a temperature-sensitive *rho1* mutant ([@B28]).

Overall, GFP-SifA did not improve the growth rate of any *pex*Δ mutants on oleic acid plates, but caused a slight delay in growth of wild-type, *pex11*Δ, *pex25*Δ, and *vps1*Δ mutants, but not of *pex3*Δ, *pex5*Δ, *pex7*Δ, or *pex19*Δ cells. Furthermore, GFP-SifA did not appear to improve any of the peroxisomal morphological defects found in these *pex*Δ mutants. Three peroxisome phenotypes were observed: 1) diffuse cytoplasmic DsRed-PTS1 staining as in *pex5*Δ ([Figure 5](#F5){ref-type="fig"}), *pex3*Δ, and *pex19*Δ cells. In this category, functional mature peroxisomes were not formed, causing GFP-SifA distribution to be dispersed. Another phenotype (category 2)) included fewer, distinct peroxisomes as in *pex7*Δ ([Figure 5](#F5){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). *PEX5* and *PEX7* encode receptors for peroxisomal matrix protein targeting sequences PTS1 and PTS2, respectively. Thus, DsRedPTS1-labeled peroxisomes would be observed in *pex7*Δ, but not in *pex5*Δ cells ([Figure 5](#F5){ref-type="fig"}). Because GFP-SifA localization was virtually identical to DsRed-PTS1, GFP-SifA must be preferentially recruited to peroxisomes importing PTS1-specific matrix proteins. The final peroxisomal phenotype (category 3)) was found in *vps1*Δ ([Figure 1](#F1){ref-type="fig"}), *pex11*Δ ([Figure 5](#F5){ref-type="fig"}), and *pex25*Δ ([Figure 6](#F6){ref-type="fig"}) mutants: the number of small and dispersed peroxisomes decreases and is replaced by a few large peroxisomes ([@B16]; [@B45]; [@B54]). Similarly to its behavior in a wild-type background, GFP-SifA reduced the number of free PTS1-labeled peroxisomes in *pex7*Δ and *pex11*Δ cells (statistically significant difference between vector vs. GFP-SifA plasmid containing populations, p = 0.003 and p = 0.002, respectively; [Table 1](#T1){ref-type="table"}). Interestingly, GFP-SifA did not appear to reduce the number of free peroxisomes in a *pex25*Δ (p = 0.56) or a *rho1* mutant (p = 0.18). Therefore, GFP-SifA activities on peroxisome morphology and abundance require the presence of functional Pex25p or Rho1p.

![Distribution of GFP-SifA in *pex*Δ mutants. *pex*Δ cells selected for expression of plasmids carrying GFP-SifA and DsRed-PTS1 were grown in oleic acid for 17 h and then fixed for direct fluorescence microscopy. *PEX5* and *PEX7* encode receptors for peroxisomal targeting-signal sequences PTS1 and PTS2, respectively; *PEX11* regulates peroxisome proliferation. Note that the diffuse cytoplasmic staining in *pex5*Δ indicates that no functional peroxisomes were assembled. Overlay shows merged images of the GFP and DsRed channels, and in the bottom two cases, also overlaid with the corresponding DIC images. Bar, 2 μm.](zmk0201096100005){#F5}

![Effects of GFP-SifA on actin dynamics on yeast peroxisomes. (A) Distribution of actin relative to peroxisomes and GFP-SifA was analyzed by direct fluorescence microscopy. Various strains containing pDsRed-PTS1 and pGFP-SifA or vector alone were grown in oleic acid for either 18 h at 30°C or 22 h at 24°C (for *rho1*). Cells were fixed and stained with phalloidin-Alexa660 to visualize actin. \[Actin+PTS1\] panels show merged images with yellow areas (arrowheads), indicating colocalization of actin patches and peroxisomes in *pex25*Δ and *rho1* cells. Note that in cases where GFP-SifA overlaps with peroxisomes, actin colocalization with peroxisomes is less prevalent. Bar, 2 μm. (B) The frequency of cells that have overlapping actin and peroxisomes are scored for each strain. Results are from examining more than 160 cells for each strain.](zmk0201096100006){#F6}

SifA Alters Actin Organization around Peroxisomes via Rho1p
-----------------------------------------------------------

SifA belongs to a family of bacterial effectors that promote Ras-like GTPase activities at mammalian cell membranes ([@B2]; [@B36]; [@B17]). The yeast Rho1p GTPase has previously been shown to be involved in regulating peroxisome maturation and abundance. On oleic acid induction, Rho1p is recruited to peroxisomes via Pex25p and regulates the organization of the surrounding actin cloud, thus affecting membrane dynamics during peroxisome division ([@B28]). To further understand the role of SifA in peroxisome activities in yeast, we analyzed whether GFP-SifA affects the actin distribution around peroxisomes in *pex25*Δ or *rho1* mutants. As shown in [Figure 6](#F6){ref-type="fig"}, a higher percentage of cells in the *pex25*Δ and *rho1* background compared with wild-type contains actin patches that mostly overlap with peroxisomes. These results are consistent with previous studies, suggesting that actin reorganization around peroxisomes depends on Rho1p and is altered in these mutants ([@B28]). The expression of GFP-SifA in either *pex25*Δ or *rho1* mutants suppressed the actin accumulating phenotype on peroxisomes ([Figure 6](#F6){ref-type="fig"}B). GFP-SifA most likely compensates for a deficiency of Rho1p activity at peroxisomes in *pex25*Δ or *rho1* mutants by recruiting Rho1p to peroxisomes in the absence of *pex25* and/or potentiating its activity during *rho1* depletion.

DISCUSSION
==========

SifA is a type III effector protein required for *Salmonella* intracellular replication and virulence in mammals. In an effort to develop a genetic system to understand SifA activity and function in host cells, we expressed SifA in yeast cells. SifA was recruited to yeast peroxisomal membranes with a result of fewer, large peroxisomes that contain multiple membrane invaginations, suggesting hyperactive membrane constrictions without division. This phenotype may be analogous to the endosomal tubulation in mammalian cells caused by coexpressing SifA and another bacterial effector acting as a lipase. Furthermore, SifA appears to promote Rho1p activity on peroxisomes consistent with its ability to interact with mammalian GDP-RhoA and its structural similarity to bacterial GEFs. We propose that SifA mode of action is similar in yeast and mammalian cells, but on different membrane systems perhaps by binding to a protein conserved between mammalian endosomes and yeast peroxisomes.

SifA Effects on Peroxisome Division in Yeast
--------------------------------------------

The effects of SifA on peroxisome morphology argue for it functioning to control peroxisome division. In yeast cells, peroxisome biogenesis occurs via two pathways: de novo formation from ER precursors or growth and division of preexisting peroxisomes ([@B13]; [@B32]). Division of preexisting peroxisomes includes distinct steps of tubulation/elongation, constriction, and fission. Analyses of yeast peroxisome biogenesis mutants have separated them into gene products that affect assembly (de novo) or division (size and number). The expression of GFP-SifA slightly decreases the growth on oleic acid plates of wild-type and only the division mutants (*pex11*Δ, *pex25*Δ, *vps1*Δ), but not the assembly mutants (*pex3*Δ, *pex5*Δ, *pex19*Δ), implicating SifA as altering the division steps of peroxisome biogenesis.

By sequence similarity and overlapping functions, Pex11p, Pex25p, or Pex27p are grouped into the peroxin family (Pex11-protein family) involved in the division steps before fission, with Pex11p and Pex25p being the dominant regulators ([@B55]; [@B64]). Overproducing Pex11p promotes peroxisome proliferation and elongation, and deletion in *PEX11*-family genes typically results in a few enlarged peroxisomes with rare occasion of membrane invaginations in the triple deletions ([@B54]; [@B45]; [@B22]). The peroxisome phenotype caused by SifA is unlikely to be a fission defect, which is often seen as beads-on-string peroxisomes in the dynamin-like *vps1*Δ mutant ([@B16]). What is observed by EM might be large amorphous peroxisomes with multiple arms that look like invaginations at cross sections. One interpretation is that SifA promotes membrane tubulation and/or constrictions and because fission activities are limited, overly large peroxisomes with multiple extensions result.

Two lines of observation suggest that SifA exerts its effects on peroxisomes in conjunction with Pex25p and/or Rho1p activity. First, SifA reduced the number of free peroxisomes and increased the frequency of clustered peroxisomes in wild-type, *pex7*Δ, and *pex11*Δ cells, but not in *pex25*Δ or *rho1* cells. Because wild-type Pex25p or Rho1p must be present for the morphological changes induced by SifA to be apparent, this is most likely an exaggeration of Pex25p/Rho1p activities. Other studies have reported that overproducing Pex25p can sometimes cause unusually overgrown membrane sheets resembling karmellae near the ER/nucleus, suggesting its role in membrane modification ([@B45]). This would be consistent with SifA working with Pex25p/Rho1p to cause membrane invaginations. Second, SifA is able to complement the ability of *pex25*Δ and *rho1* mutants to regulate actin dynamics around peroxisomes. The fact that SifA does not cause a higher than wild-type frequency of cells with accumulating actin on peroxisomes suggests an already maximally measurable phenotype in the presence of Pex25p/Rho1p. The effects of SifA on actin is revealed only when Rho1p is deficient at the peroxisomes as in *pex25*Δ or *rho1* cells, again suggesting that SifA largely acts by promoting Rho1p activity. SifA does not appear to improve all aspects of Rho1p function since it cannot complement the vegetative growth defects of *rho1* mutants (Olson and Miller, unpublished data).

SifA Role in Membrane Dynamics
------------------------------

In yeast, peroxisome division under noninducing condition occurs mainly via replication of preexisting mature peroxisomes, but upon induction with oleic acid, more de novo assembly might be activated to accommodate rapid proliferation and turnover of the peroxisome membrane system ([@B48]; [@B13], [@B51]). This might involve fusion of ER-derived preperoxisome vesicles with each other to create new peroxisomes or with preexisting peroxisomes to promote growth and division. In general, peroxisomes in *rho1* and *pex25*Δ cells are smaller than those in wild type, suggesting a defect in growth and maturation. Because both Rho1p and Pex25p are observed on peroxisomes only upon oleic acid induction, they may promote division involving fusion ([@B50], [@B28]). It is tempting to speculate that because SifA also only induces peroxisome morphological changes when cells are grown in oleic acid, it might act more effectively in association with Rho1p and Pex25p on certain peroxisome intermediates, such as those with membrane dynamics primed for fusion.

How might Rho1p and Pex25p affect peroxisomal membrane activity? Rho1-dependent actin dynamics are proposed to be important for peroxisomal budding and fusion ([@B28]). According to the mesh hypothesis of membrane dynamics, local and transient assembly/disassembly of an actin mesh surrounding an organelle can provide active zones where vesicles can fuse or bud ([@B27]). It is plausible that Rho1p acts as a spatial landmark to start an actin remodeling event leading to membrane fusion ([@B12]). Recently, a systems approach to study regulators of yeast peroxisome biogenesis identified signaling proteins involved in actin organization and/or phosphatidylinositol metabolism ([@B47]). Many of these proteins function through activation by Rho1p. To control actin dynamics, Rho GTPases either target regulators of actin nucleation, or change the abundance of membrane phosphoinositides to affect the recruitment of actin-binding proteins ([@B44]). Interestingly, lipid raft-like membrane domains enriched with ergosterol and ceramide have been found on peroxisome precursors that act as signaling platforms to organize the fusion machinery including phosphoinositides and small GTPases ([@B6]). Alternatively, Rho1p-dependent actin dynamics are used to change membrane tension and, in the presence of phosphoinositide-binding proteins that can assemble into a scaffold at discrete sites, can generate membrane curvature necessary for vesicle budding/fusion ([@B29]). All members of the Pex11-family proteins can interact with themselves, and some with each other, suggesting the ability to oligomerize ([@B55]). Evidence also points to Pex-11 family proteins being able to bind phospholipids and playing a direct role in membrane modification ([@B13]). This would be consistent with a previous proposal that Rho1p might facilitate Pex11p activity based on the actin phenotype observed for a *pex25*Δ *pex11*Δ double mutant ([@B28]).

The fact that SifA can affect Rho1p activity and change yeast peroxisome morphology and distribution is reminiscent of its role on the assembly and tubulation of the SCV during *Salmonella* infection. SifA effects on membrane dynamics can be drawn in parallel between yeast and mammalian cells. In both systems, SifA is involved in exaggerated membrane tubulation (Sif- and SifA-induced tubules in epithelial cells or invaginated peroxisomes in yeast); in conjunction with a lipid-modifying protein (*Salmonella* effector SseJ; or possibly Pex25p) and the small GTPase Rho-family proteins ([@B8]; [@B46]; [@B36]). SseJ, like Pex25p, recruits RhoA (the mammalian equivalent of Rho1p) and in turn, is activated by RhoA to alter the membrane composition of cholesterol, a condition that can induce endosomal tubules ([@B10]). SifA can bind RhoA ([@B36]) and might recruit Rho proteins directly to both membrane systems. This can amplify RhoA effects on SseJ or other bacterial or host lipid-modifying proteins, resulting in SifA-induced phagosome tubulation, or can overpromote Rho1p effects on peroxisomes causing aberrant membrane invaginations. Consistent with this model, the ability of SifA to induce tubules in combination with SseJ was reduced in the presence of siRNA against Rho proteins ([@B36]), and SifA does not reduce the number of free peroxisomes in a *rho1* or *pex25*Δ mutant. Interestingly, peroxisomal membrane invaginations are reminiscent of the phenotype in the lipase mutant *lpx1*Δ with defects in membrane lipid modification ([@B56]). It is possible that SifA expression disrupts Rho1p normal regulation of a yeast lipase by promoting its membrane modifying activity at an inappropriate time during peroxisome biogenesis, causing an imbalance between membrane growth and fission and hence, the exaggerated invagination phenotype. A useful consequence of studying SifA activity on yeast peroxisome division is that this could be a means to increase Rho1p activity specifically on peroxisomes without having to overexpress Rho1p, a condition that could be lethal to vegetative growth.

Yeast Peroxisomes as Model System to Elucidate SifA Function
------------------------------------------------------------

Inferring from the yeast studies, we reexamined the distribution of SifA in mammalian cells and found that GFP-SifA did not specifically colocalize with the peroxisomal protein PMP70 in most cells. There have been previous examples of bacterial virulence proteins that target common structural components of eukaryotic signaling pathways (e.g., MAP kinase) even though the outcomes of these pathways may not necessarily be conserved between mammalian and yeast systems (e.g., inflammation vs. mating; [@B57]; [@B49]). Because GFP-SifA still localizes to peroxisomes in *pex25*Δ mutants, it is plausible that a common protein exists on both yeast peroxisomes and mammalian endosomes that recruits SifA to the relevant membrane systems and link it to the local conserved Rho family members. This membrane recruiter would also have different cytoskeletal interactions. For example, there is a pronounced abundance of microtubules in mammalian cells compared with yeast cells, and there is also no homologue for SKIP in yeast cells that could link SifA to microtubules.

Because many aspects of endosomal fusion leading to SCV assembly are unknown, the studies described here could provide a model system to help define additional binding partners for SifA and its effects on Rho proteins and membrane dynamics. Specifically, the recruitment and activation of a GTPase at an inappropriate time in the functional development of the phagosome could result in aberrant membrane tubulation. How this activity promotes and maintains the bacteria replication niche remains to be defined. In conclusion, our data suggest that there are parallels between the effects of a bacterial virulence protein on yeast peroxisomes and the mammalian phagosome that may be exploited to better define activities of SifA.
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